To elucidate mechanisms of melanocortin action, we investigated the effects of a melanocortin receptor agonist (melanotetan II [MTII]) in lean C57BL/6J and obese (DIO, ob/ob, UCP1-DTA) mice. MTII administration (100 g q.i.d. i.p.) for 24 h results in similar weight loss but a more pronounced decrease of food intake in DIO mice. After 4 and 8 days of MTII treatment, however, the reduction in both food intake and body weight is more pronounced in DIO mice than in lean mice. MTII administration for 24 h prevents food deprivation-induced alterations in hypothalamic neuropeptide Y (NPY) and liver adiponectin receptor 1 and adiponectin receptor 2 mRNA expression, but does not alter hypothalamic mRNA expression of melanocortin 4 receptor or adiponectin serum and mRNA expression levels. NPY and agouti gene-related protein (AgRP) mRNA expression after 8 days of MTII is increased to levels comparable to pair-fed mice. In summary, 1) MTII is an effective treatment for obesity and related metabolic defects in leptin-resistant (DIO, UCP1-DTA) and leptinsensitive (ob/ob) mouse models of obesity; 2) the effects of MTII on food intake and body weight are more pronounced in DIO mice than in lean mice; 3) the tachyphylactic effect after prolonged MTII administration appears to be, at least in part, caused by a compensatory upregulation of NPY and AgRP mRNA levels, whereas decreasing leptin levels may play a very minor role in mediating tachyphylaxis; and 4) alterations in adiponectin receptor mRNA expression after fasting or MTII treatment may contribute to altered insulin sensitivity and needs to be studied further. Diabetes 53: 82-90, 2004 T he melanocortin pathway, one of the direct targets of leptin action in the brain (1), plays an important role in energy homeostasis. Mice with targeted deletion of the pro-opiomelanocortin (POMC) gene (2) or the melanocortin 4 receptor (MC4R) gene develop obesity associated primarily with hyperphagia and hyperinsulinemia (3). In addition, MC3 receptor knockout mice have increased fat mass and reduced lean body mass, but normal food intake, suggesting defects in energy partitioning (4).
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Peripheral or central administration of the synthetic nonspecific melanocortin receptor agonist melanotetan II (MTII) to fasted or neuropeptide Y (NPY)-treated mice as well as obesity-prone or genetically obese animals, such as Sprague-Dawley rats or rhesus macaques, acutely and chronically suppresses food intake and increases sympathetic nervous system activity (5-9), whereas melanocortin antagonism has opposite effects (10 -13) . We recently reported that MTII treatment decreases body weight, primarily by suppressing food intake and secondarily by increasing energy expenditure, and improves insulin resistance in mice (14) . However, the mechanisms underlying improvement of weight loss and insulin resistance, as well as the development of tachyphylaxis after prolonged MTII administration, remain largely unknown.
RESEARCH DESIGN AND METHODS
Male C57BL/6J (3-week-old) and ob/ob (6-week-old) mice were purchased from The Jackson Laboratories (Bar Harbor, ME). Male UCP1-DTA mice (6 -8 weeks old; FVB background) were obtained from a colony maintained at the Beth Israel Deaconess Medical Center. All animals were individually caged and handled, as previously described (15) .
Regular mouse chow (Purina Rodent Chow 5008; Ralston-Purina, St. Louis, MO) and water were available to all animals ad libitum, unless noted otherwise. For the long-term studies, a group of C57BL/6J mice received a Western diet for 12 weeks (WD1) (D12451; Research Diets, New Brunswick, NJ), and for the short-term study, C57BL/6J mice were fed either chow or a Western diet (WD2) (TD 88137; Harlan Teklad, Madison, WI) for 18 weeks before the experiments, as previously described (16, 17) .
Short-term studies (24 h)
Effects of short-term MTII administration in lean (C57BL/6J) mice (experiment A). A group of lean C57BL/6J mice (normal chow, n ϭ 8/group) were injected with MTII (100 g) four times a day (q.i.d.) intraperitoneally for 24 h. A PBS-treated (100 g q.i.d. i.p.) group, fed ad libitum, and a placebo group (100 l PBS q.i.d. i.p.), pair-fed to the MTII-treated group, were included as controls. Comparative evaluation of short-term MTII administration in lean (C57BL/6J) and obese (DIO) mice (experiment B). To investigate whether MTII has similar effects on acute weight loss and reduction in food intake in lean (chow-fed) and DIO mice (WD2 for 18 weeks), MTII (100 g q.i.d. i.p.) was injected for 24 h in both groups of mice. Control groups (PBS-treated and pair-fed to each of the MTII-treated groups) were also included (n ϭ 6). Each placebo and pair-fed group was maintained on the same diet with their corresponding treatment group. Effects of short-term MTII administration in leptin-deficient ob/ob mice (experiment C). To investigate whether MTII is also effective in reducing body weight and food intake in genetically obese leptin-sensitive mice, 100 g MTII was administered intraperitoneally q.i.d. for 24 h to ob/ob mice (n ϭ 4), using the protocol described above. The effects of MTII were compared with PBS-treated control ob/ob mice fed ad libitum (n ϭ 4/group). Effects of short-term MTII administration in leptin-resistant UCP1-DTA mice (experiment D). To assess whether obese leptin-resistant UCP1-DTA mice respond to short-term MTII administration in a similar fashion to DIO mice, MTII (100 g q.i.d. i.p.) was administered to UCP1-DTA mice (n ϭ 5). PBS-treated and pair-fed groups (n ϭ 5/group) were included as described above.
Long-term studies
Comparative evaluation of chronic MTII administration in lean (C57BL/6J) and obese (DIO) mice (4 days) (experiment E). To investigate whether lean mice (chow) respond differently to chronic MTII administration than DIO mice (WD1 for 18 weeks), MTII was injected (100 g q.i.d. i.p.) for 4 days to both groups. Two PBS-treated (100 g q.i.d. i.p.) control groups (one fed chow, the other a Western diet) were included (n ϭ 6 per group). Blood was collected by a tail bleed. Effect of MTII and MTII plus leptin administration in DIO mice (8 days) (experiment F). To investigate whether the plateauing effects of prolonged MTII administration on decreased food intake and weight loss (tachyphylaxis) is due to a decline in serum leptin, four groups of DIO mice (WD1 for 12 weeks) were studied. The first group was injected with MTII (100 g q.i.d. i.p.) for 8 days, and the second group received replacement doses of leptin (Eli Lilly, Indianapolis, IN; 1 g/g body wt b.i.d.) in addition to MTII. A PBS-treated and a pair-fed group matched to the MTII plus leptin-treated group were included as controls (n ϭ 8/group). Physiological characterization. Body weight and food intake were measured daily between 8:00 and 10:00 A.M. (14) . Body composition for the long-term experiment was measured by whole-carcass analysis (16, 17) . Animals were killed, and hypothalami were isolated. Serum, white adipose tissue (WAT), and the liver were collected and stored as previously described (17) . Medication used and hormone assays. MTII was purchased from Bachem Bioscience (King of Prussia, PA) and dissolved in sterile PBS (14) . Leptin was provided as a gift by Eli Lilly. Serum hormone concentrations were assessed by radioimmunoassay as previously described (17, 18) . RT-PCR. Hypothalamic mRNA expression of NPY, agouti gene-related protein (AgRP), POMC, orexin, and MC4R were assessed using semiquantitative [P 32 ]-labeled RT-PCR. NPY and POMC mRNA expression in experiments B and F were confirmed using real-time PCR. Melanocyte concentrating hormone (MCH), adiponectin, and adiponectin receptor (AdipoR)-1 and AdipoR2 mRNA were analyzed via real-time PCR (17) (18) (19) (20) . Statistical analysis. Descriptive characteristics of the group variables are expressed as means Ϯ SE. Data for mRNA expression are presented as the percent change (means Ϯ SE) from the corresponding PBS group. Statistical analyses were done using the Statview program (Statview, Abacus, CA) and SPSS 8 (Texas Instruments, Chicago, IL). Statistical significance was assessed by standard Student's t tests or a two-tailed t test as well as ANOVA with post hoc corrections as appropriate. Values were considered to be significant at the P Յ 0.05 level (two tailed). Graphs were created with GraphPadPrism (GraphPad Software, San Diego, CA).
RESULTS
Short-term (24-h) MTII administration results in a similar decrease in body weight in lean and obese mice but a more pronounced decrease in caloric intake in obese mice. Lean and DIO-C57BL/6J mice. We observed an average weight loss of 3.7% in both DIO and lean MTII-treated mice beyond weight loss seen in the respective PBS-treated control mice after 24 h of MTII treatment (Table 1) . DIO mice, however, have a more significant decrease in cumulative caloric intake (Table 1) , which, if sustained for a longer period of time, would be expected to result in a more pronounced decrease in body weight. Obese leptin-sensitive ob/ob and leptin-resistant UCP1-DTA mice. Similar to lean and obese C57BL/6J mice, both ob/ob and UCP1-DTA mice exhibited a significant decrease in body weight after 24 h of MTII treatment (Table 1) . MTII-treated lean C57BL/6J, obese ob/ob, and obese UCP1-DTA mice all exhibit an ϳ38% decrease in cumulative caloric intake in comparison to PBS-treated controls, whereas MTII-treated DIO-C57BL/6J mice exhibit a 59.3 Ϯ 7.8% decrease in cumulative caloric intake after 24 h of MTII treatment when compared with baseline levels (P Ͻ 0.001).
Long-term (4-day) MTI administration results in a more pronounced reduction in food intake and body weight in DIO versus lean C57BL/6J mice. MTII treatment for 4 and 8 days decreases both caloric intake and body weight but is more effective in decreasing caloric intake and body weight in DIO versus lean C57BL/6J mice (Table 1 , Fig. 1A and B, and Fig. 2A and B) . MTII-treated DIO mice exhibited a significant decrease of ϳ7.9% in body weight, whereas lean MTII-treated mice exhibited an ϳ5.1% decrease in body weight beyond the respective PBS-treated control mice (Table 1 , Fig. 1A , and Fig. 1B) . Normalization of circulating leptin levels has only minimal effects on the tachyphylactic effect of prolonged MTII administration. We then investigated whether falling leptin levels after several days of MTII treatment are responsible for the development of tachyphylaxis (14) . After 8 days, MTII-treated DIO-C57BL/6J mice exhibited a significant decrease in circulating leptin levels when compared with their PBS-treated controls (18.5 Ϯ 1.8 ng/ml in the MTII-treated group vs. 26.9 Ϯ 2.0 ng/ml in the PBS-treated group, P Ͻ 0.01), whereas MTII plus leptin-treated DIO mice did not exhibit a significant decrease in circulating leptin levels (30.8 Ϯ 1.6 ng/ml in the MTII plus leptin-treated group vs. 26.9 Ϯ 2.0 ng/ml in the PBS-treated group). MTII-treated DIO mice also exhibited a significant decrease in body weight during the 8-day period (5.3 Ϯ 0.4 g in the MTII-treated group vs. 2.0 Ϯ 0.4 g in the PBS-treated group, P Ͻ 0.0001), but the effects of MTII appeared to plateau after 4 days of treatment ( Fig. 3A and B). Once replacement doses of leptin were administered in conjunction with MTII, however, DIO mice continued to lose weight and exhibited a more significant percent decrease in body weight after 8 days of treatment Total percent body fat was significantly lower in MTII plus leptin-treated versus MTII-treated and pair-fed DIO mice after 8 days (Fig. 4A) . Total body triglycerides were significantly lower in MTII plus leptin-treated versus MTIItreated, pair-fed, and PBS-treated DIO mice as well (Fig.  4B) . Cumulative caloric intake was similarly reduced in both MTII-and MTII plus leptin-treated groups, however (ϳ30% decrease for both groups, P Ͻ 0.001). Effects of MTII on serum insulin and thyroxine concentrations Short-term studies (24 h). Circulating insulin levels were significantly decreased by ϳ50% after 24 h of both MTII treatment and food deprivation in all lean and obese mice. We have previously reported that MTII treatment results in a more pronounced decrease in insulin levels compared with pair-feeding or PBS treatment (14) . We observed an ϳ64% decrease in insulin levels after 24 h of either food deprivation or MTII treatment for 24 h (0.79 Ϯ 0.12 ng/ml in MTII-treated mice and 0.76 Ϯ 0.20 in pair-fed mice vs. 2.13 Ϯ 0.45 in PBS-treated mice, 0.06 Ͻ P Ͻ 0.08 for both groups). Moreover, DIO mice exhibited a slightly lower (ϳ55.5%) decrease in insulin levels after 24 h of either food deprivation or MTII treatment (1.24 Ϯ 0.35 ng/ml in the MTII-treated group and 1.35 Ϯ 0.26 ng/ml in the pair-fed group vs. 2.90 Ϯ 1.01 ng/ml in the PBS-treated group, P Ͻ 0.05 for both groups). Ob/ob mice responded to 24 h of MTII treatment similarly to lean C57BL/6J and DIO mice, with an ϳ59.4% decrease in insulin levels (3.17 Ϯ 1.36 ng/ml in the MTII-treated group vs. 7.81 Ϯ 0.94 ng/ml in the PBS-treated group, P Ͻ 0.05). In UCP1-DTA mice, the effect of short-term MTII administration on circulating insulin levels was even more pronounced. Although pairfed UCP1-DTA mice had an ϳ55% decrease in insulin levels, insulin levels were more significantly decreased by ϳ78.8% in MTII-treated UCP1-DTA mice (0.62 Ϯ 0.04 ng/ml in the MTII-treated group and 1.32 Ϯ 0.38 ng/ml in the pair-fed group vs. 2.92 Ϯ 0.81 ng/ml in the PBS-treated group, P Ͻ 0.05 for MTII-treated vs. PBS-treated mice and NS for pair-fed vs. PBS-treated mice). Long-term studies (4 -8 days) . The effects of MTII on insulin levels persisted after 4 days of treatment in DIO mice only (lean C57BL/6J: 1.38 Ϯ 0.06 ng/ml in MTIItreated mice vs. 1.44 Ϯ 0.02 ng/ml in PBS-treated mice, NS; DIO: 1.42 Ϯ 0.12 ng/ml in MTII-treated mice vs. 2.44 Ϯ 0.41 ng/ml in PBS-treated mice, P Ͻ 0.001). After 8 days of treatment, serum insulin levels remained significantly decreased in DIO mice, but this difference was most pronounced in the MTII plus leptin-treated group (1.2 Ϯ 0.3 ng/ml in the MTII plus leptin-treated group, 1.9 Ϯ 0.6 ng/ml in the MTII-treated group, and 1.8 Ϯ 0.2 ng/ml in the pair-fed group vs. 2.7 Ϯ 0.6 in the PBS group, P Ͻ 0.05 between the MTII plus leptin-and PBS-treated group only).
Serum thyroxine concentrations were not significantly altered in lean, DIO, or ob/ob mice after 24 h, 4 days, or 8 
days of MTII administration or pair-feeding (data not shown).
Effects of short-term (24-h) MTII treatment on the mRNA expression of hypothalamic neuropeptides in lean C57BL/6J, DIO, and ob/ob mice. To gain a better understanding of why tachyphylaxis occurs after prolonged MTII treatment, we investigated the expression pattern of key hypothalamic orexigenic (NPY, AgRP) and anorexigenic (POMC, orexin) neuropeptides as well as hypothalamic MC4R mRNA expression. Hypothalamic NPY mRNA expression increased by ϳ40 -50% after 24 h of pair-feeding-induced food deprivation (P Ͻ 0.01; Fig. 5A ). The expression pattern of AgRP followed that of NPY, with elevated AgRP mRNA expression levels in pair-fed, but not MTII-treated or PBS-treated mice, after 24 h of treatment, but these differences failed to reach statistical significance.
Hypothalamic POMC mRNA expression decreased in both MTII-treated and pair-fed lean mice when compared with PBS-treated controls (86.4 Ϯ 11.8% of baseline levels in MTII-treated lean [P Ͻ 0.05] and 64.1 Ϯ 8.2% in pair-fed lean mice [P Ͻ 0.01 vs. the PBS-treated group]). There was a similar POMC mRNA expression response to MTII treatment in DIO mice, with a more significant decrease in pair-fed mice (79.5 Ϯ 8.9% of baseline levels in MTIItreated DIO mice [P Ͻ 0.05 vs. the PBS-treated group and P Ͻ 0.08 vs. the pair-fed group] and 56.4 Ϯ 7.5% in pair-fed DIO mice [P Ͻ 0.001 vs. the PBS-treated group]). Similar short-term changes in NPY, AgRP, and POMC mRNA expression were also observed in ob/ob mice. Neither MTII nor food deprivation, however, had short-term effects on hypothalamic MC4R mRNA expression or orexin mRNA expression in lean, DIO, and ob/ob mice.
Long-term (8-day) effects of MTII or MTII plus leptin administration on mRNA expression of hypothalamic neuropeptides in DIO mice. Prolonged MTII treatment failed to prevent food deprivation-induced increases in hypothalamic NPY expression. Both pair-fed and MTIItreated DIO mice exhibited a significant increase in hypothalamic NPY mRNA expression after 8 days when compared with PBS-treated controls (Fig. 5B) . Similarly, mRNA expression of AgRP increased by 55.5 Ϯ 7.8% in pair-fed mice (P Ͻ 0.05) and 20.2 Ϯ 5.8% in MTII-treated DIO mice, but this compensatory increase was prevented by a combination treatment of MTII plus leptin (1.1 Ϯ 10.4% in MTII plus leptin-treated DIO mice). Hypothalamic POMC mRNA expression was similarly decreased in both MTII-treated and pair-fed mice (88.7 Ϯ 12.1% of baseline levels in MTII-treated DIO mice and 79.0 Ϯ 5.2% in pair-fed DIO mice). Replacement doses of leptin in conjunction with MTII treatment failed to alter the effects observed after MTII alone (76.1 Ϯ 4.5% of baseline levels). MCH mRNA expression was significantly decreased after prolonged MTII plus leptin treatment, but failed to change after prolonged MTII treatment or pair-feeding alone (77.1 Ϯ 3.03% of baseline levels in MTII plus leptin-treated mice [P Ͻ 0.05] vs. 91.3 Ϯ 2.7% in MTII-treated and 90.2 Ϯ 5.1% in pair-fed mice). Hypothalamic mRNA expression of MC4R was not altered after prolonged administration of MTII or MTII plus leptin (data not shown), implying that previously observed decreases in MC4R protein (19) is probably due to posttranscriptional regulation. Orexin mRNA expression was not altered after prolonged food deprivation, MTII, or MTII plus leptin administration (data not shown). Effects of MTII on serum adiponectin concentrations, adiponectin mRNA expression in WAT, and AdipoR1 and AdipoR2 mRNA expression in liver of lean C57BL/6J and DIO mice.
Short-term studies (24 h).
Because the molecular pathways mediating adiponectin's ability to improve insulin secretion and sensitivity remain largely unknown, we investigated the patterns of adiponectin secretion and mRNA expression in WAT and the regulation of AdipoR1 and AdipoR2 in the liver of lean C57BL/6J and DIO mice. Although there was a trend toward elevated circulating adiponectin levels in both lean and obese mice after 24 h of MTII treatment, increased variability prevented these data from reaching statistical significance (data not shown). Similarly, after 24 h of MTII treatment, there were no significant differences in adiponectin mRNA expression in the WAT of lean C57BL/6J and DIO mice when compared with respective PBS-treated controls. As previously described in DIO rats (38) , however, DIO mice exhibited a significant decrease in adiponectin mRNA expression when compared with the lean PBS-treated group (64.9 Ϯ 12.5% of baseline levels in PBS-treated DIO mice and 64.1 Ϯ 16.0% in pair-fed DIO mice, P Ͻ 0.0001 for both groups vs. lean PBS-treated mice).
We found significant changes in liver AdipoR1 and AdipoR2 mRNA expression after food deprivation but not MTII treatment. Specifically, in lean C57BL/6J mice, there were no significant differences in AdipoR1 mRNA expression after 24 h of MTII treatment (Fig. 6A) , but mice pair-fed to the MTII-treated group exhibited a significant increase of 187.1 Ϯ 24.6% from baseline levels in AdipoR1 mRNA expression (P Ͻ 0.05 vs. the PBS-treated group; Fig.  6A ). However, both MTII-treated and pair-fed lean C57BL/6J mice exhibited a significant decrease in AdipoR2 mRNA expression after 24 h of treatment or pair-feeding (37.4 Ϯ 4.8% of baseline levels in MTII-treated mice and 25.5 Ϯ 5.6% in pair-fed mice, P Ͻ 0.0001 vs. the PBS-treated group; Fig. 7A ).
DIO mice exhibited significantly increased liver AdipoR1 mRNA expression and decreased liver AdipoR2 mRNA expression in all three groups (PBS-treated, MTIItreated, and pair-fed mice) when compared with the respective lean PBS-treated mice (Fig. 6A and Fig. 7A ), but it remains to be clarified by future studies whether this difference is due to a high-fat diet per se or the more pronounced weight loss of DIO mice seen in this study. We observed no significant differences in both AdipoR1 and AdipoR2 mRNA expression in liver after 24 h of MTII treatment, despite a significant increase in liver AdipoR1 RNA expression and decrease in liver AdipoR2 mRNA expression in mice pair-fed to the MTII-treated group (Fig.  6A and 7A) .
Long-term studies. Serum adiponectin did not change in DIO mice after 8 days of MTII administration, MTII plus leptin administration, or pair-feeding (data not shown). Moreover, there were no significant changes in AdipoR1 or AdipoR2 mRNA expression after 8 days of MTII treatment ( Fig. 6B and 7B) . However, DIO mice pair-fed for 8 days to the MTII-treated group, as well as DIO mice administered a combination of MTII plus leptin for 8 days, exhibited a significant increase in liver AdipoR1 mRNA expression and a decrease in liver AdipoR2 mRNA expression compared with the PBS-treated group (Fig. 6B and 7B ).
DISCUSSION
Peripheral and central MTII treatment decreases body weight by suppressing food intake and increasing energy expenditure (14, 21) . However, it remains unknown 1) whether MTII is effective in leptin-resistant DIO-, UCP1-DTA-, and leptin-sensitive ob/ob obese mice, 2) whether leptin-resistant DIO mice are more sensitive to MTII, and 3) what the mechanisms are that underlie the development of tachyphylaxis and increased insulin sensitivity after MTII treatment. MTII decreases food intake and body weight in both leptin-sensitive and leptin-resistant mice. We first evaluated DIO, a model of acquired leptin and insulin resistance (22) that results in central and peripheral changes in hormonal and neuropeptide levels and/or their signaling pathways (23) , and UCP1-DTA mice, which have significantly decreased brown fat (ϳ20% of control animals) and thus deficient adaptive thermogenesis, leading to an obese phenotype (16, 24) . UCP1-DTA mice are resistant to the effects of endogenous and exogenously administered leptin on body weight, food intake, and glucose and insulin levels (24, 25) . We found that food intake, body weight, and insulin levels in both DIO and UCP1-DTA mice decrease after MTII administration, suggesting that this agent acts downstream of the putative point of leptin resistance. Further studies are necessary to assess the relative contribution of increased thermogenesis, lipolysis, and anorexia in the weight-reducing effect of the melanocortin system in these mice. The 24 h of MTII administration also resulted in suppression of cumulative food intake, decreases in body weight, and decreases in circulating insulin levels (59.5%) in leptin-sensitive ob/ob mice (26) . Our data are consistent with previous studies demonstrating that a single intraperitoneal dose of MTII to ob/ob mice induces anorexia, shows similar kinetics with a single intracerebroventricular dose to those mice, inhibits feeding potently for the first 4 h (5), and decreases circulating insulin levels by 58% (5). The effects of MTII are more pronounced in DIO mice than in lean mice. MTII administration for 24 h resulted in similar weight loss in lean and DIO mice, but cumulative caloric intake was significantly lower in MTII-treated DIO versus lean mice, suggesting that DIO mice are more sensitive to the hypophagic effects of MTII in the short term. This would be expected to potentially result in more pronounced weight loss after more prolonged administration. Indeed, 4 days of MTII treatment resulted in a more pronounced weight loss and a decrease in caloric intake in DIO mice. Previous studies have shown that food intake is significantly more decreased after a single central MTII injection (27) or peripheral administration for 3 days in obese Zucker (fa/fa) rats with impaired leptin signaling due to defective leptin receptors than in lean controls (28) . In addition, DIO Sprague-Dawley rats have significantly enhanced nocturnal inhibitory feeding responses to a single intracerebroventricular injection of ␣-melanocyte stimulating hormone when compared with lean controls in both the short and long term (29) . However, we show for the first time that melanocortins are more potent in DIO mice when compared with lean controls by inducing a more pronounced decrease in food intake and body weight in DIO mice. We therefore suggest that leptin-resistant obese rodents may have a reduced endogenous melanocortin tone, probably due to a lack of leptin action, which results in increased MTII sensitivity. Hypothalamic NPY levels are suppressed after MTIIinduced food deprivation but rise after prolonged administration. MTII acutely decreases appetite and body weight in rodents, but tachyphylaxis to chronic central or peripheral MTII administration has been observed in mice (14) and rats (30, 31) . We found that although MTII may prevent food deprivation-induced increases in hypothalamic NPY and possibly AgRP mRNA expression in the short term, both NPY and AgRP mRNA increase toward levels seen in the pair-fed animals after 8 days of MTII administration, suggesting that this increase in hypothalamic NPY and AgRP mRNA levels might mediate, in part, the tachyphylactic effects of prolonged MTII treatment. It has recently been shown that tachyphylaxis is due to downregulation of the MC4R protein (19) . Because mRNA expression of MC4R is not altered after short-term or prolonged administration of MTII, this regulation may occur at the translational level, but future studies are needed to investigate this topic in detail as well as to examine expression of hypothalamic neuropeptides or synaptic activity in specific areas of the hypothalamus (29) . Our data are consistent with the physiological outcomes of this study, including the fact that MTII-treated mice don't regain weight 4 days after treatment, nor do they increase their food intake, but just fail to lose additional weight.
A direct effect of melanocortins on the NPYnergic system is also consistent with the presence of MC3 receptors on NPY neurons (32) . Because NPY neurons have been shown to have a regulatory effect on POMC neurons (33) , it is reasonable to speculate that a prolonged effect of leptin or melanocortins on NPY may result in compensatory changes in the endogenous melanocortin system. Similar to melanocortin agonists, NPY antagonists have been shown to exert stronger effects on reducing food intake in obese leptin-resistant Zucker (fa/fa) rats than in lean controls (34) . However, NPY-deficient mice (NPY Ϫ/Ϫ ) exhibit a normal response to centrally administered MTII (35) , suggesting that additional molecules other than NPY may mediate the effects of MTII. We found that changes in both NPY and AgRP may mediate the short-term effects of MTII (36) . Because both NPY and AgRP mRNA levels rise after chronic administration toward levels seen in the pair-fed mice, explaining in part why the effect of MTII wanes after prolonged administration, it is possible that a combined treatment of MTII with NPY and AgRP antagonists might provide a valuable drug combination for obesity.
In addition, a combination treatment of MTII and leptin decreases body weight more significantly than MTII treatment or pair-feeding alone because of either the direct lipolytic effects of leptin or altered energy homeostasis. A combination treatment of MTII plus leptin for 8 days, but not MTII administration alone, prevents changes in MCH, NPY, and AgRP mRNA expression, suggesting that leptin may in part act to prevent the development of tachyphylaxis by altering hypothalamic neuropeptide levels. We thus conclude that decreasing leptin levels after MTIIinduced weight loss might play a minor role in the development of tachyphylaxis, and a combination treatment of leptin and MTII may prove more effective in causing lipolysis and resulting in an additional decrement of body weight. Altered insulin sensitivity and insulin levels after food deprivation or MTII administration may be in part mediated by alterations in adiponectin receptor levels. MTII acts as a potent insulin-sensitizing agent in mice (14, 37) , but the mechanisms underlying this effect, although poorly characterized, seem not to include increases in adiponectin expression and secretion (38) , for there were no significant changes in adiponectin levels in lean or obese C57BL/6J mice after MTII treatment.
After food deprivation and MTII administration, we observed significant changes in the liver mRNA expression of AdipoR1, a high-affinity receptor for globular adiponectin, and AdipoR2, an intermediate-affinity receptor for both globular and full-length adiponectin, both of which appear to mediate adiponectin-stimulated fatty acid oxidation and possibly hepatic glucose uptake (20) . Further, we demonstrate that, in contrast to the tachyphylaxis observed in terms of hypothalamic neuropeptide responses to MTII, no peripheral tachyphylaxis is seen with respect to the effects of MTII on adiponectin receptor expression in the liver. Future studies investigating the physiological regulation of adiponectin and its receptors, as well as identification of the signaling pathways downstream of adiponectin receptors in lean and obese mice, may prove to be of significant importance in determining the mechanisms underlying insulin resistance.
In summary, our results suggest that 1) MTII is an effective treatment for obesity and related metabolic defects in leptin-resistant and leptin-sensitive mouse models of obesity; 2) DIO mice appear to be more sensitive to MTII treatment because the effects of MTII on food intake and body weight are more pronounced in DIO than lean mice; 3) the short-term effects of MTII to induce anorexia may, at least in part, be mediated by altered hypothalamic NPY mRNA levels; 4) the tachyphylactic effect after prolonged MTII administration may, at least in part, be caused by a compensatory increase of NPY mRNA concentrations and possibly AgRP mRNA concentrations; 5) alterations in orexin, MCH, and MC4R mRNA expression do not appear to play a role of comparable importance, whereas decreasing leptin levels appear to play a minor role in the development of tachyphylaxis; and 6) alterations in adiponectin receptor mRNA expression after food deprivation, as well as short-and long-term MTII administration, may play a role in altering insulin sensitivity and needs to be studied further. Finally, our data provide further evidence that melanocortin receptor agonists offer a potential therapeutic approach to syndromes of obesity accompanied by leptin resistance and metabolic abnormalities (37) and raise the possibility that a combination treatment with leptin or NPY and AgRP antagonists might provide an even more effective treatment option for obesity.
